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Abstract
In this paper we will analyse the ABJM theory in harmonic superspace.
The harmonic superspace variables will be parameterized by the coset
SU(2)/U(1) and thus will have manifest N = 3 supersymmetry. We will
study the quantum gauge transformations and the BRST transformations
of this theory in gaugeon formalism. We will use this BRST symmetry to
project out the physical sub-space from the total Hilbert space. We will
also show that the evolution of the S-matrix is unitary for this ABJM
theory in harmonic superspace.
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1 Introduction
The harmonic superspace is parametrized by the coset SU(2)/U(1) and thus has
N = 2 supersymmetry in four dimensions [1]-[2], and N = 3 supersymmetry in
three dimensions [3]-[5]. A superconformal Chern-Simons-matter theory called
the ABJM theory has already been studied in this Harmonic superspace [6]. The
ABJM theory that is thought to capture the dynamics of multiple M2-branes.
It has manifest N = 6 supersymmetry which is expected to get enhanced to
N = 8 supersymmetry [7]-[11]. The ABJM theory is invariant under the gauge
group U(N)k × U(N)−k [12]. As the ABJM theory has a gauge symmetry
associated with it, we have to fix a gauge in order to quantization it. The gauge
fixing condition can be incorporated at a quantum level by adding ghost and
gauge fixing terms to the original classical Lagrangian density. However, the
Fock space in one gauge is different from that in other gauge because the Fock
space in any gauge is not wide enough to realize the quantum gauge freedom.
This problem is solved by the gaugeon formalism [13]-[17]. In this formalism the
quantum gauge transformation are accounted for by introducing a set of extra
fields called gaugeon fields. As the ABJM theory has gauge symmetry associated
with it, so it can be analysed in the gaugeon formalism. This has already been
done for ABJM theory in N = 1 superspace formalism [18]. In this paper we
will do it for ABJM theory in N = 3 harmonic superspace. It may be noted
that unlike the ABJM theory in N = 1 superspace, the ABJM theory in N = 3
harmonic superspace contains no explicit superspace potential term. We will
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also study the extended BRST symmetry of this model and use it to show that
the S-matrix for the ABJM theory in N = 3 harmonic superspace is unitarity.
It may be noted that similar results could be obtained by using conventional
BRST transformations along with the Yokoyama’s subsidiary condition [19]-[20].
The BRST symmetry for ordinary Chern-Simons theory has been throughly
studied [21]-[22]. In fact, the BRST symmetry of N = 1 Chern-Simons the-
ory has also been analysed [23, 24]. The BRST of the Chern-Simons theory
is similar to the BRST symmetry of Yang-Mills theories. This is because the
structure of the gauge fixing term and the ghost terms is similar in both these
theories. The BRST symmetry for gauge theories has also been studied in the
background field method. In the background field method, all the fields in a
theory are shifted. The BRST symmetry of these shifted fields can be anal-
ysed by the use of Batalin-Vilkovisky formalism [25]-[31]. In this formalism the
a modified BRST symmetry arise due to the invariance of a theory under the
original BRST transformations along with these shift transformation. This have
been done for the ordinary Yang-Mills theories and the ordinary Chern-Simons
theories [32]-[38]. Furthermore, as the BRST transformations mix the fermionic
and bosonic coordinates, they can be viewed as supersymmetric transforma-
tions. The BRST transformations of gauge theories have been expressed in the
extended superspace formalism by adding new Grassmann coordinates [39]-[40].
The main use of the BRST symmetry is to project out the physical sub-space
from the total Hilbert space of the theory. Thus, in this paper we will analyse
the BRST symmetry for the ABJM theory and use it to project out the physical
sub-space from the total Hilbert space of the theory.
2 Harmonic superspace
In this paper we use the harmonic variables u± subjected to the constraints
u+iu−i = 1, u
+iu+i = u
−iu−i = 0. (1)
These harmonic variable parameterize the coset SU(2)/U(1). So, this super-
space is parameterized by the following coordinates
z = (xab, θ++a , θ
−−
a , θ
0
a, u
±
i ), (2)
where θ±a = θ
ij
a u
±
i u
±
j and θ
0
a = θ
ij
a u
+
i u
−
j . Now we can define the following
derivatives
D++ = ∂++ + 2iθ++aθ0b∂Aab + θ
++a ∂
∂θ0a
+ 2θ0a
∂
∂θ−−a
,
D−− = ∂−− − 2iθ−−aθ0b∂Aab + θ
−−a ∂
∂θ0a
+ 2θ0a
∂
∂θ++a
,
D0 = ∂0 + 2θ++a
∂
∂θ++a
− 2θ−−a
∂
∂θ−−a
, (3)
and
D−−a =
∂
∂θ++a
+ 2iθ−−b∂Aab, D
0
a = −
1
2
∂
∂θ0a
+ iθ0b∂Aab,
D++a =
∂
∂θ−−a
, (4)
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where
∂++ = u+i
∂
∂u
−
i
, ∂−− = u−i
∂
∂u+i
,
∂0 = u+i
∂
∂u
+
i
− u−i
∂
∂u
−
i
. (5)
These derivatives are satisfy
{D++a , D
−−
b } = 2i∂
A
ab, {D
0
a, D
0
b} = −i∂
A
ab,
[D∓∓, D±±a ] = 2D
0
a, [D
0, D±±a ] = ±2D
±±
a ,
∂0 = [∂++, ∂−−], [D++, D−−] = D0.
{D±±a , D
0
b} = 0 , [D
±±, D0a] = D
±±
a . (6)
The analytic superfields ΦA = ΦA(ζA) are independent of the θ
−−
a , thus
defined by D++a ΦA = 0. The analytic subspace is parametrized by the following
coordinates
ζA = (x
ab
A , θ
++
a , θ
0
a, u
±
i ), (7)
where
xabA = (γm)
abxmA = x
ab + i(θ++aθ−−b + θ++bθ−−a). (8)
The generators of the supersymmetry are given by
Q++a = u
+
i u
+
j Q
ij
a , Q
−−
a = u
−
i u
−
j Q
ij
a ,
Q0a = u
+
i u
−
j Q
ij
a , (9)
where
Qija =
∂
∂θaij
− θijb∂ab. (10)
It is convenient to denote the superspace measure in this superspace as
d9z = −
1
16
d3x(D++)2(D−−)2(D0)2,
dζ(−4) =
1
4
d3xAdu(D
−−)2(D0)2 . (11)
A conjugation in the N = 3 harmonic superspace is defined by
(˜u±i ) = u
±i, ˜(xmA ) = xmA ,˜(θ±±a ) = θ±±a , (˜θ0a) = θ0a. (12)
It is squared to −1 on the harmonics and to 1 on xmA and Grassmann coordi-
nates. So, the analytic superspace measure is real ˜dζ(−4) = dζ(−4) and the full
superspace measure is imaginary d˜9z = −d9z.
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3 ABJM Theory
Now we can construct the Lagrangian density for ABJM theory in this deformed
superspace using V ++L and V
++
R , which are defined by
V ++L = u
+
i u
+
j V
ij
L ,
V ++R = u
+
i u
+
j V
ij
R , (13)
where V ijL and V
ij
R are fields transforming under the gauge group U(N)k and
U(N)−k, respectively. We also define matter fields q
+ and q¯+, which transform
under the bifundamental representation of the group U(N)k × U(N)−k. The
Lagrangian density for the ABJM theory can now be written as
LABJM = LCS,k[V
++
L ] + LCS,−k[V
++
R ] + LM [q
+, q¯+], (14)
where
LCS,k[V
++
L ] =
ik
4π
tr
∞∑
n=2
(−1)n
n
∫
d6θdu1 . . . dunH
++
L ,
LCS,−k[V
++
R ] = −
ik
4π
tr
∞∑
n=2
(−1)n
n
∫
d6θdu1 . . . dunH
++
R ,
LM [q
+, q¯+] = tr
∫
dζ(−4)q¯+∇++q+, (15)
and
H++L =
V ++(z, u1)LV
++(z, u2)L . . . V
++(z, un)L
(u+1 u
+
2 ) . . . (u
+
nu
+
1 )
,
H++R =
V ++(z, u1)RV
++(z, u2)R . . . V
++(z, un)R
(u+1 u
+
2 ) . . . (u
+
nu
+
1 )
,
∇++q+ = D++q+ + V ++L q
+ − q+V ++R ,
∇++q¯+ = D++q¯+ − q¯+V ++L + V
++
R q¯
+. (16)
The covariant derivatives for the matter fields are given by
∇++q+ = D++q+ + V ++L q
+ − q+V ++R ,
∇++q¯+ = D++q¯+ − q¯+V ++L + V
++
R q¯
+, (17)
It is useful to define V −−L and V
−−
R as
V −−L =
∞∑
n=1
(−1)n
∫
du1 . . . dunE
++
L ,
V −−R =
∞∑
n=1
(−1)n
∫
du1 . . . dunE
++
R , (18)
where
E++L =
V ++(z, u1)V
++
L (z, u2) . . . V
++
L (z, un)
(u+u+1 )(u
+
1 u
+
2 ) . . . (u
+
nu+)
,
E++R =
V ++(z, u1)V
++
R (z, u2) . . . V
++
R (z, un)
(u+u+1 )(u
+
1 u
+
2 ) . . . (u
+
nu+)
. (19)
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It is also useful to define W++L and W
++
R as
W++L = −
1
4
D++aD++a V
−−
L ,
W++R = −
1
4
D++aD++a V
−−
R . (20)
This ABJM theory is invariant under the following N = 3 supersymmetric
transformations,
δǫq
+ = iǫa∇ˆ0aq
+ ,
δǫq¯
+ = iǫa∇ˆ0aq¯
+ ,
δǫV
++
L =
8π
k
ǫaθ0aq
+q¯+ ,
δǫV
++
R =
8π
k
ǫaθ0aq¯
+q+ , (21)
where
∇ˆ0aq
+ = ∇0aq
+ + θ−−a (W
++
L q
+ − q+W++R ) ,
∇0aq
+ = D0aq
+ + V 0Laq
+ − q+V 0Ra ,
V 0L a = −
1
2
D++a V
−−
L ,
V 0Ra = −
1
2
D++a V
−−
R . (22)
Thus, apart from the original manifest N = 3 supersymmetry, this model has
additional N = 3 supersymmetry, δǫLABJM = 0. So, this ABJM theory has
N = 6 supersymmetry.
4 Gaugeon Formalism
In the gaugeon formalism extra fields are added to account for the quantum
gauge transformations. Thus, apart from the gauge fixing and ghost terms a
gaugeon term is also added to the original classical Lagrangian density. In this
section we will analyse the ABJM theory in gaugeon formalism. This ABJM
theory is invariant under the infinitesimal gauge transformations, δLABJM = 0,
δq+ = ΛLq
+ − q+ΛR,
δq¯+ = ΛRq¯
+ − q¯+ΛL,
δV ++L = ∇
++ΛL,
δV ++R = ∇
++ΛR, (23)
where
∇++ΛL = −D
++ΛL − [V
++
L ,ΛL],
∇++ΛR = −D
++ΛR − [V
++
R ,ΛR]. (24)
Due to the invariance of the ABJM theory under these infinitesimal gauge trans-
formations, we can not quantize it without fixing a gauge. So, we choose the
following gauge fixing conditions,
D++V ++L = 0, D
++V ++R = 0. (25)
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To incorporate these gauge fixing conditions at the quantum level we have to
add the corresponding gauge fixing and ghost terms to the original classical
Lagrangian density. In order to incorporate the quantum gauge transformations
we have to also add a gaugeon term to it. Thus, the total Lagrangian density is
given by the sum of the original classical Lagrangian density LABJM , the gauge
fixing term Lgf , the ghost term Lgh, and the gaugeon term Lgo,
Lt = LABJM + Lgf + Lgh + Lgo, (26)
where
Lgf =
∫
dζ(−4)tr
[
bL(D
++V ++L ) +
α
2
b2L −
α
2
b˜2R
−bR(D
++V ++R )
]
|
,
Lgh =
∫
dζ(−4)tr
[
cLD
++∇++cL − cRD
++∇++cR
]
|
.
Lgo =
∫
dζ(−4)tr
[
D++yLD
++yL +
1
2
(yL + αbL)
2
−D++kLDak −D
++yRD
++yR
−
1
2
(yR + αbR)
2 +D++kRDakR
]
|
. (27)
Now we can analyse the quantum gauge transformations by varying the
gauge fixing parameter α. So, we transform α as
δqg α = τα. (28)
Under this transformation the matter fields transform as,
δqg q = i(ταyqL − qταyR), δqg q¯ = i(ταyRq¯ − q¯ταyL). (29)
and all other fields transform as,
δqg V
++
L = τ∇
++(αyL), δqg V
++
R = τ∇
++(αyR),
δqg yL = ταbL δqgyR = ταbR,
δqg cL = [τcL, αyL] + ταkL, δqg cR = [τcR, αyR] + ταkR,
δqg cL = [τcL, αyL], δqg cR = [τcR, αyR],
δqg kL = −ταcL, δqg kR = −ταcR,
δqg bL = [τbL, αyL]− [τcL, αkL], δqg bR = [τbR, αyR]− [τc, αk],
δqg yL = δqg kL = 0, δqg yR = δqg kR = 0. (30)
The total Lagrangian density is invariant under these quantum transformations,
δqg Lt = 0. Thus, by adding a gaugeon term we have derived the quantum gauge
transformation for the ABJM theory in harmonic superspace.
5 BRST Symmetry
The ABJM theory was initially invariant under gauge transformations. But,
after fixing a gauge this gauge invariance was broken. However, the sum of the
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original Lagrangian density, gauge fixing term, the ghost term and the gaugeon
term is invariant under a new symmetry called the BRST symmetry. The BRST
transformations of the matter fields are given by
s q = i(cLq − qcR), s q¯ = i(cRq¯ − q¯cL).
(31)
and the BRST transformations of all other fields are given by
s V ++L = ∇
++cL, s V
++
R = ∇
++cR,
s cL = −
1
2
{cL, cL}, s cR = bR,
s cL = bR, s cR = −
1
2
{c˜R, c˜R},
s yL = kL, s yR = kR,
s kL = −yL, s kR = −yR,
s bL = s kL = s yL = 0, s bR = s kR = s yR = 0, (32)
These BRST transformations are nilpotent, s2 = 0, and they also commute
with the quantum gauge transformations, δqgs = sδqg. The total Lagrangian
density is invariant under these BRST transformations, sLt = 0, so we can
obtain a conserved BRST charge QB. This conserved charge commutes with
the Hamiltonian of the theory and generates the BRST transformations. We
can also use this change to project out the physical state and show that the
S-matrix is unitarity. The states that are annihilated by QB are defined to be
the physical states,
QB|φp〉 = 0. (33)
The inner product of physical states, which are obtained by the action of QB
on unphysical states |φup〉, vanishes with all physical states,
〈φp|QB|φup〉 = 0. (34)
This is because QB is the generator of the BRST transformations and these
transformations are nilpotent, and so we have
Q2B|φ〉 = 0. (35)
Thus, the relevant physical states actually are those that are not obtained by
the action of QB on any other state. Now we can write a S-matrix element as
〈φpa,out|φpb,in〉 = 〈φpa|S
†S|φpb〉, (36)
where the asymptotic physical states are given by
|φpa,out〉 = |φpa, t→∞〉,
|φpb,in〉 = |φpb, t→ −∞〉, (37)
As QB commute with the Hamiltonian, the time evolution of any physical state
will also be annihilated by QB,
QBS|φpb〉 = 0. (38)
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This implies that the states S|φpb〉 must be a linear combination of physical
states |φp,i〉. Thus, we can write
〈φpa|S
†S|φpb〉 =
∑
i
〈φpa|S
†|φp,i〉〈φp,i|S|φpb〉. (39)
Now as the full S-matrix is unitary this relation implies that the S-matrix
restricted to physical sub-space is also unitarity.
6 Conclusion
In this paper we analysed the ABJM theory in N = 3 harmonic superspace
formalism. The harmonic superspace variables used were parameterized by the
coset SU(2)/U(1) and thus had manifest N = 3 supersymmetry. The ABJM
theory expressed in these variable had manifestN = 6 supersymmetry. We anal-
ysed the quantum gauge transformations of this theory in gaugeon formalism.
The gauge fixed ABJM theory in the gaugeon formalism had extra fields called
the gaugeon fields. This made the Hilbert space of the theory large enough to
consider quantum gauge transformations. We also analysed the BRST transfor-
mations of this theory and used them to show that the unitarity of the S-matrix.
These result could also have been obtained by using a conventional BRST sym-
metry along with the Yokoyama’s subsidiary condition. It is well know that for
gauge theories there is symmetry dual to the BRST symmetry. This symmetry
is called the anti-BRST symmetry. It will be interesting to include the anti-
BRST transformations in the present analysis. It is expected that the results
obtained will again be the same as obtained by using a conventional anti-BRST
symmetry along with the Yokoyama’s subsidiary condition.
Chern-Simons theories also have important condense matter applications.
This is because the fractional quantum hall effect is generated by Chern-Simons
theories [41]-[44]. Fractional quantum hall effect is a property of a collective
state in which electrons bind magnetic flux lines to make new quasi-particles.
These quasi-particles have a fractional elementary charge. Thus, the fractional
quantum Hall effect is based on the concept of statistical transmutation. In two
dimensions, fermions can be described as charged bosons carrying an odd inte-
ger number of flux quanta. The fractional quantum hall effect is generated by
Chern-Simons theories fields coupled to these bosons. If these electrons are anal-
ysed in a combined external and statistical magnetic field, then at special values
of the filling fraction the statistical field cancels the external field, in the mean
field sense. At these values of the filling fraction and the system is described as
a gas of bosons feeling no net magnetic field. Thus, these bosons condense into
a homogeneous ground state. This model also describes the existence of vortex
and anti-vortex excitations.
Lately, supersymmetric generalisation of the fractional quantum Hall effect
has also been investigated [45]-[48]. The physical properties of the topological
excitations in the supersymmetric quantum Hall liquid have also been discussed
in a dual supersymmetric Chern-Simons theory [49]. Furthermore, the fractional
quantum Hall effect is closely related to noncommutativity of the spacetime [50]-
[53]. Thus, the results of this paper can have interesting condensed matter appli-
cations. This is because we can analyse the supersymmetric fractional quantum
Hall effect in the gaugeon formalism see if it generates some new physics. In
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fact, we can also include different deformations of the Harmonic superspace and
then analyses this deformed ABJM theory in the gaugeon formalism. These
deformations are expected to change the behavior of fractional condensates and
thus have important consequences for the transport properties in the quantum
hall system. Recently, supersymmetric Chern-Simons theory has defined to
be been used to study fractional quantum Hall effect via holography [54]. In
fact, the ABJM theory has been used to study various interesting examples of
AdS4/CFT3 correspondence [55]-[59]. It will be interesting to analyse similar
effects in the harmonic superspace in gaugeon formalism.
It may be noted that N = 1 supersymmetric Chern-Simons theory super-
symmetry coupled to parity-preserving matter fields has also been analysed
using the Parkes-Siegel formulation [60]. In the Parkes-Siegel formulation the
dimensional reduction from (2 + 2) to (2 + 1) of massive Abelian N = 1 super-
QED coupled to a self-dual super-multiplet produces simple supersymmetric
extension of the τ3QED coupled to Chern-Simons theory. It will be interesting
to derive similar result in the harmonic superspace.
References
[1] A. S. Galperin, E. A. Ivanov, V. I. Ogievetsky, E. S. Sokatchev, Harmonic
Superspace, Cambridge University Press (2001)
[2] A. Galperin, E. Ivanov, S. Kalitzin, V. Ogievetsky and E. Sokatchev, class.
Qant. Grav. 1, 469 (1984)
[3] A. Galperin, E. Ivanov, V. Ogievetsky and E. Sokatchev, JETP. 40, 912
(1984)
[4] B.M. Zupnik, Supersymmetries and quantum symmetries, eds. J. Wess and
E. Ivanov, Springer Lect. Notes in Phys. 524, 116 (1998)
[5] B.M. Zupnik and D.V. Khetselius, Sov. J. Nucl. Phys. 47, 730 (1988)
[6] I. L. Buchbinder, E. A. Ivanov, O. Lechtenfeld, N. G. Pletnev, I. B. Sam-
sonov and B.M. Zupnik, JHEP. 0903, 096 (2009)
[7] O-Kab Kwon, P. Oh and J. Sohn, JHEP. 0908, 093 (2009)
[8] I. L. Buchbinder, E. A. Ivanov, O. Lechtenfeld, N. G. Pletnev, I. B. Sam-
sonov and B. M. Zupnik, JHEP. 0903, 096 (2009)
[9] M. M. S. Jabbari and J. Simon, JHEP. 0908, 073 (2009)
[10] I. Klebanov, T. Klose and A. Murugan, JHEP. 03, 140 (2009)
[11] A. Gustavsson, JHEP. 1101, 037 (2011)
[12] O. Aharony, O. Bergman, D. L. Jafferis and J. Maldacena, JHEP. 0810,
091 (2008)
[13] K. Yokoyama, Prog. Theor. Phys. 59, 1699 (1978)
[14] K. Yokoyama, M. Takeda and M. Monda, Prog. Theor. Phys. 60, 927 (1978)
9
[15] K. Yokoyama, Prog. Theor. Phys. 60, 1167 (1978)
[16] R. Endo, Prog. Theor. Phys. 90, 1121 (1993)
[17] M. Koseki, M. Sato and R. Endo, Prog. Theor. Phys. 90, 1111 (1993)
[18] M. Faizal, Comm. Theor. Phys. 57, 637 (2012)
[19] K. Yokoyama, Prog. Theor. Phys. 60 1167 (1978)
[20] K. Yokoyama, M. Takeda andM. Monda, Prog. Theor. Phys. 64 1412 (1980)
[21] J. Fjelstad and S. Hwang, Phys. Lett. B466, 227 (1999)
[22] M. Chaichian and W. F. Chen, Z.Y. Zhu, Phys. Lett. B387, 785 (1996)
[23] L.P. Colatto, M.A. De Andrade, O.M. Del Cima, D.H.T. Franco, J.A.
Helayel-Neto and O. Piguet, J. Phys. G24, 1301 (1998)
[24] C. P. Constantinidis, O. Piguet and W. Spalenza, Eur. Phys. J. C33, 443
(2004)
[25] I. A. Batalin and G. A. Vilkovisky, Phys. Lett. B 102, 27 (1981)
[26] M. Faizal and M. Khan, Eur. Phys. J. C 71, 1603 (2011)
[27] P. Gregoire and M. Henneaux, J. Phys. A26, 6073 (1993)
[28] P. Gregoire, M. Henneaux, Commun. Math. Phys. 157, 279 (1993)
[29] P. Gregoire, M. Henneaux, Phys. Lett. B277, 459 (1992)
[30] I. A. Batalin and G. A. Vilkovisky, Phys. Rev. D 28, 2567 (1983)
[31] C. Bizdadea and S. O. Saliu, J. Phys. A 31, 8805 (1998)
[32] C. Bizdadea, I. Negru and S. O. Saliu, Int. J. Mod. Phys. A 14, 359 (1999)
[33] J. Qiu and M. Zabzine, Commun. Math. Phys. 300, 789 (2010)
[34] W. G. Ney, O. Piguet and W. Spalenza, Eur. Phys. J. C36, 245 (2004)
[35] N. Ikeda, JHEP. 0210, 076 (2002)
[36] C. I. Lazaroiu and R. Roiban, JHEP. 0203, 022 (2002)
[37] G. Barnich, R.Constantinescu and P. Gregoire, Phys. Lett. B 293, 353
(1992)
[38] H. Ikemori, Mod. Phys. Lett. A 7, 3397 (1992)
[39] N. R. F. Braga and A. Das, Nucl. Phys. B 42, 655 (1995)
[40] N. R. F. Braga and S. M. de Souza, Phys. Rev. D 53, 916 (1996)
[41] D. Orgad and S. Levit, Phys. Rev. B 53, 7964 (1996)
[42] A. Lopez and E. Fradkin, Phys. Rev. B 69, 155322 (2004)
[43] B. Skoric and A. M. M. Pruisken, Nucl. Phys. B559, 637 (1999)
10
[44] I. Ichinose, A. Sekiguchi, Nucl. Phys. B493 683 (1997)
[45] K. Hasebe, Phys. Rev. D72, 105017 (2005)
[46] K. Hasebe, Phys. Rev. Lett. 94 (2005)
[47] K. Hasebe, Phys. Lett. A 372, (2008)
[48] E. Ivanov, L. Mezincescu and P. K. Townsend JHEP. 01 (2006)
[49] K. Hasebe, Phys. Rev. D74, 045026 (2006)
[50] A. Jellal, Mod. Phys. Lett. A18, 1473 (2003)
[51] A. Pinzul and A. Stern, Mod. Phys. Lett. A18, 1215 (2003)
[52] O. F. Dayi and A. Jellal, J. Math. Phys. 43, 4592 (2002)
[53] M. Daoud and A. Hamama, Int. J. Mod. Phys. A23, 2591 (2008)
[54] M. Fujita, W. Li, S. Ryu and T. Takayanagi, JHEP. 0906, 066 (2009)
[55] I. R. Klebanov and A. M. Polyakov, Phys. Lett. B550, 213 (2002)
[56] J. H. Schwarz, JHEP. 0411, 078 (2004)
[57] C. Ahn, H. Kim, B. H. Lee and H. S. Yang, Phys. Rev. D61, 066002 (2000)
[58] B. Chen and J. B. Wu, JHEP. 096, 0809 ( 2008)
[59] M. Benna, I. Klebanov, T. Klose and M. Smedback, JHEP. 0809, 072 (2008)
[60] M. A. de Andrade, O. M. Del Cima and L. P. Colatto, Phys. Lett. B370,
59 (1996)
11
